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Saccharomyces cerevisiae cells grown on glucose have much lower levels of many enzymes in comparison with cells grown on alternate carbon sources such as acetate or glycerol. Similar differences are noted between different phases of batch growth on glucose, with these same enzymes becoming derepressed as the glucose in the medium is exhausted. This phenomenon is known as carbon catabolite repression, or glucose repression. Since control is known to occur in many cases at the level of transcription, catabolite repression provides a prime example of coordinate regulation of a large battery of genes.
Invertase, the cell wall enzyme which hydrolyzes sucrose to glucose and fructose, is well-suited for the study of catabolite repression since it is repressed over 100-fold by glucose. In contrast to most other catabolite-repressible enzymes in yeasts, invertase is regulated exclusively by glucose repression. Two types of mutants affected in the regulation of invertase synthesis have been isolated. Muta- tions in any of six snf genes prevent derepression of invertase synthesis and thus identify elements of positive control (4, 18). Mutations causing constitutive synthesis of invertase, and thus defective in negative control, were isolated by selecting for growth on the trisaccharide raffinose in the presence of 2-deoxyglucose (30 Since mutant screens relying upon selective methods may yield only a subset of the possible derepressed mutants, nonselective mutant screens may be necessary to identify additional types of mutants. Montencourt et al. (14) isolated a mutant strain, FH4C, by screening colonies for glucoserepression-resistant invertase synthesis. Because of its very high level of invertase production, FH4C has been used to purify invertase (26) and to study its regulation (20) . Unfor- (8) . Yeast colonies on agar plates are transferred to dry Whatman no. 3 filters (9.0-cm diameter) by pressing the filters onto the plates. A second dry filter is stapled to the first filter to make a sandwich with the yeast colonies in the interior. The filter sandwich is placed into a Buchner funnel on a vacuum filtration flask and rinsed by vacuum with 100 ml of H20 to remove any glucose or other reducing sugars which would interfere with the assay. The filters are then wetted with a solution of 5% sucrose in 10 mM sodium acetate (pH 4.6) and incubated for 3 to 5 min at room temperature, and each is transferred to a separate plastic petri dish floating in a 50°C water bath. A 3-ml portion of 0.1% triphenyltetrazolium chloride in 0.5 N NaOH is added, and after the red color develops in invertase-positive colonies (1 to 2 min), the filters are removed and blotted to remove excess liquid.
For the isolation of mutants, two S. cerevisiae strains, AH22 (Mata cani leu2 his4) and RTY10 (MAToa trpl), were mutagenized with ethyl methanesulfonate as described previously (27 than the wild-type strain on YEP plus 10% glucose. The heterozygous diploid has invertase activity similar to that of the wild-type parent, demonstrating that the mutant allele is recessive. In each of the seven tetrads from the sporulated diploid there are two repressed and two derepressed spores, indicating that a single mutation is responsible for derepression. Since all of the strains are derepressed on the plate containing 2% sucrose, the nmutant is evidently deficient in the glucose repression of invertase synthesis.
The mutant screen was designed to include temperaturesensitive mutants incapable of growing at 37°C but derepressed at this temperature for sufficient time to produce invertase. Indeed, several of the original mutant isolates did not grow at 37°C (RTY66 and RTY68). 'However, after outcrossing, the constitutive mutations could be separated from secondary mutations causing temperature-sensitive growth, and further experiments were carried out on the derived non-temperature-sensitive strains.
To assign the mutations to complementation groups, all of the mutants derived from AH22 were crossed with the mutants derived from RTY10. An analysis of invertase derepression in the diploids and meiotic segregants produced a consistent assignment of the mutations to four genes. Of the 15 mutations originally obtained, 12 belonged to cyc8 and 1 to tupi (both previously identified genes; see below), and 1 each belonged to inc2 and inc3 (for invertase constitutive; their chromosomal location and possible identity with other known genes has not been determined).
The identity of the mutations in the cyc8 and tup) strains was suggested by their secondary phenotypes. Strains containing tupl-100 are extremely flocculent, and cyc8 strains have various degrees of flocculence. The tupl-100 mutation was originally isolated in a MATa strain. When MATa tupl-100 strains were constructed, they exhibited very unusual morphologies, previously described as "selfshmooing" (12) , and mated at a low frequency with both MATa and MATa strains. Mutations in a single gene known as tupi (28) , umr7 (12), flkl (23) , and cyc9 (22) have been
shown to produce a range of pleiotropic effects, including permeability to thymidine monophosphate (28), flocculent growth (23), deficient carbon catabolite repression (23) , and morphological aberration and bisexual mating in MATa strains (12, 24, 28) . To determine their relationship with previously characterized genes, representative mutants were crossed with cyc8-1 and cyc9-1 strains (22) . Complementation was assessed by measuring invertase activity and sporulation ability. As predicted by its pleiotropic effects, the putative tupl-100 allele complemented the cyc8-1 mutation but not the cyc9-1 mutation. The cyc8-13 mutation complemented cyc9-1 but not cyc8-1. Thus, the complementation tests directly confirmed the tentative classifications of the mutants as tup) and cyc8. As a further confirmation of their identity, the map distances of the tup1-100 and cyc8 mutations to thr4 and lys2, respectively, were very close to the published values (data not shown) (16, 22) .
The degree of derepression in the mutants was measured by quantitative invertase assays of log-phase cells grown at three different temperatures, 23, 30, and 37°C. The repressed wild-type cells had activities of about 1.0 U/109 cells (Table  1) . The mutants had maximum activities ranging from 12 to 62 U/109 cells, with the exception of RTY87, RTY89, and RTY94. Derepression of invertase activity in RTY89 and RTY94 was evident on plates containing 10% glucose grown at 23°C, but not at 30 or 37°C. In quantitative assays RTY89 and RTY94 showed large variations between experiments. Assays of cells from different stages of growth indicated that RTY89 and RTY94 became derepressed only after the glucose concentration had reached a low level, but before wild-type cells were derepressed (data not shown). In contrast, the other mutants were derepressed at all glucose concentrations. Moreover, RTY89 and RTY94 had maximal activity at 23°C, while most of the other mutants had the highest activity at 37°C. In fact, several of the mutants (RTY100 and RTY102) were almost completely repressed at 23°C, but were strongly derepressed at 37°C.
The kinetics of derepression of strains containing these temperature-dependent mutations was measured after shifting the growth temperature from 23 to 37°C. A wild-type strain (RTY10) at 23°C and the cyc8-10 strain (RTY99) maintained at 23°C remained repressed, while the mutant strain was rapidly derepressed after the shift to 37°C. Nearly identical results were obtained with another temperaturedependent mutant, RTY102 (cyc8-11).
To examine the derepression process more closely, the kinetics of invertase mRNA accumulation was determined by Northern blots (Fig. 2) cells were shifted to low-glucose medium at 37°C, and the cyc8-10 mutant was shifted to 37°C but maintained in high glucose. Derepression of invertase mRNA in the wild-type cells was evident at 5 min after the shift and reached a maximum at about 15 min. Synthesis was apparently shut off at this time, and little message remained at 40 min. Very similar kinetics were observed for the cyc8-10 mutant after the temperature shift, with invertase mRNA not detected at 23°C. Higher levels of invertase mRNA were attained in the mutant than in the derepressed wild-type, even though the former was maintained in high-glucose medium. This experiment demonstrates that the CYC8 gene product directly or indirectly controls invertase derepression at the level of mRNA.
It has been reported previously that a temperature shift from 23 to 37°C produces a transitory derepression of invertase synthesis in wild-type yeasts, detected as either enzyme activity (15) or mRNA (21) . However, no direct comparisons were made of the magnitude of the response produced by temperature shock and glucose deprivation. The wild-type strain RTY10 when shifted from 23 to 37°C in high-glucose medium produced a small amount of invertase mRNA which was detectable at 10 min but disappeared at 20 min (Fig. 2) . The amount made was much less than in the derepressed mutant or in wild-type cells under derepressed conditions.
The rapid decrease in invertase mRNA levels beginning 15 min after the temperature shift is probably due to the heat shock response, which inhibits the transcription of most genes except those specific for heat shock proteins (13) . Subsequent experiments following invertase mRNA up to a The tupl-J00 and cyc8-10 through cyc8-14 mutants were originally isolated from AH22, and the inc2-1, inc3-1, and cyc8-15 through cyc8-21 mutants were isolated from RTY10. RTY99, RTY100, RTY102, RTY104, and RTY118 were segregants from crosses between the original mutant isolates and RTY10. RTY110 was derived by isolating tupl segregants from successive crosses to DBY782 (MATa ade2) and 699-8C (MATa leu2 ade2-1 his4-712 ura3-1 canl-100).
I Cultures were grown overnight at 23°C in YEP plus 2% glucose, diluted to an A6w of 0.1 (about 1.2 x 106 cells per ml), and then grown in YEP plus 2% glucose at the three temperatures indicated. Cells were harvested in the mid-log phase (A6w of 0.6 to 1.0), and invertase assays were performed on intact cells essentially as described by Goldstein and Lampen (9 2.5 h after the temperature shift have shown that invertase mRNA synthesis resumes after 1 h, but mRNA levels never attain the 15-min maximum. Invertase assays of these cultures demonstrated a direct relationship between the invertase mRNA levels and increases in invertase activity (data not shown).
Many different enzyme pathways are repressed in yeast cells growing on glucose. The degree of repression of representative enzymes from different pathways was determined in cyc8 and tupi mutants to answer two questions: (i) do cyc8 and tupi affect all glucose-repressible enzymes; and (ii) do they affect the same group of enzymes?
The various enzymes were assayed in homogenates prepared from wild-type and mutant cells grown to the midexponential phase and wild-type cells grown to the early stationary phase which should be released from glucose repression ( Table 2 ). All of the glycosidases assayed (invertase, maltase, and a-methylglucosidase) were derepressed in the cyc8 and tupl mutants (the chromogenic substrate p-nitrophenyl-a-glucoside is hydrolyzed by both maltase and a-methylglucosidase [19] and provides a more sensitive assay than the substrates maltose or a-methylglucoside). These enzymes were previously reported to be derepressed in a tupi mutant (23) . The activity of carboxypeptidase Y, a vacuolar enzyme, was about three times higher in the wild-type cells in the stationary phase than in those in the logarithmic phase, but was not derepressed in the mutants. Repression of succinate dehydrogenase was not detected in this experiment, and activities in the cyc8 and tupi mutants were about half of the wild-type (30) . The nature of the hex2 mutations is unclear, but HEX) has been shown to be identical to HXK2, the structural gene for hexokinase Pll (7). Significantly, no cyc8 or tupi mutants were isolated, implying that mutants resistant to deoxyglucose represent only a subset of mutants constitutive for invertase. cyc8 mutants have been isolated by selecting for suppressors of snfl, which prevents normal derepression of invertase (3).
The mutant screen was designed to include temperaturesensitive mutations in genes essential for cell viability. Although several of the original mutant isolates did not grow at 37°C, all of the mutations were recovered in strains viable at 37°C after outcrossing. These results suggest that this screen is capable of isolating temperature-sensitive mutations which might have been found in a larger collection of mutants. Both tupi and cyc8 mutations have numerous pleiotropic effects, and the consequence of a complete lack of function of either of these genes is unknown. Several of the cyc8 mutations isolated are expressed at 37°C but not at 23°C, suggesting that the mutant gene product is at least partially inactive at the higher temperature. These temperature-dependent mutations could be useful for analyzing the functional role of CYC8.
Catabolite repression is controlled by both positive and negative regulatory genes. The snf mutations which block derepression identify the positive control elements. The CYC8 and TUPI genes are negative regulators, since mutations in these genes result in constitutive expression of catabolite-repressible genes. Although their phenotypes are analogous to classical repressor mutants in bacteria, present evidence suggests that they act indirectly by interfering with positive activation (18) . Characterization of the CYC8 and TUPI genes and gene products may be necessary to determine their role in regulating transcription. 
